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Abstract 


The  series  of  compositions  La2.xBaxNi04  (Of  xi  1.0)  was  prepared  by 
standard  ceramic  techniques.  All  of  the  members  of  the  system  crystallized  with  the 
tetragonal  K2NiF4  structure.  The  ratio  of  lattice  parameters,  c/a,  reached  a 
maximum  in  the  range  x  -  0.5  to  0.6;  c  increased  up  to  this  point  while  a 
decreased,  and  this  trend  reversed  after  the  maximum  was  reached.  The  increase  in 
c/a  is  attributed  to  a  weak  Jahn-Teller  distortion  due  to  octahedral  site  low-spin 
Ni3+  ions.  Magnetic  susceptibilities  measured  in  the  temperature  range  6  to  300  K 
and  room  temperature  resistivity  measurements  showed  that  with  the  addition  of  any 
barium  into  the  system,  a  significant  change  was  seen  in  both  the  magnetic  and 
electrical  properties.  An  anomaly  in  the  magnetic  susceptibility  was  seen  at  110  K 
in  La2Ni04.  This  anomaly  disappeared  and  the  magnetic  susceptibility  dropped  by  a 
factor  of  at  least  one-third  with  the  addition  of  barium  into  the  system.  With 
further  increases  in  barium,  the  susceptibility  value  did  not  differ  significantly  in 
all  Ba-substituted  compounds  .  The  room  temperature  resistivity  dropped  from 
0.14  ft-cm  for  La2Ni04  to  0.05  ft-cm  for  Lai  .8Ba.2N'04  and  decreased  only  slightly 
thereafter  with  increasing  amounts  of  barium.  Semiconducting  behavior  was 
observed  for  ail  of  the  compounds.  Oxygen  stoichiometry  is  suspected  to  play  a 
critical  role  in  the  explanation  of  these  behaviors. 
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1.  Introduction 


1.1  Background 

Although  La2Ni04  was  first  reported  in  the  late  1950's,1  it  was  not  until  the 
1970's  that  it  began  to  attract  attention.  This  first  interest  in  La2N'C>4  occurred 

when  the  significance  of  studying  two-dimensional  magnetic  properties  in  oxides  of 
the  K2NiF4  structure  was  realized.  Reports  of  two-dimensional  antiferromagnetic 
ordering  in  K2NiF42  excited  interest  in  studying  the  counterpart  oxides  (A2BO4) 
such  as  La2Ni04,  where  the  A  ion  is  non-magnetic  and  the  B  ion  is  magnetic.  The 
pursuit  to  establish  the  existence  of  long-range  antiferromagnetic  order  in  La2Ni04 
has  continued  since  that  time.  An  anomaly  in  the  magnetic  susceptibility  curve 
which  showed  up  as  a  discontinuity  in  the  Curie-Weiss  law  plots  signaled  the 
possible  presence  of  antiferromagnetic  order.3*4  Superlattice  spots  on  electron 
diffraction  patterns,  similar  to  those  observed  for  K2NiF4,  also  indicated  potential 

antiferromagnetic  ordering;5  but  neither  neutron  diffraction  studies3  nor  magnetic 
susceptibilities  measured  down  to  liquid  helium  temperature4  indicated  the  onset  of 
any  long-range  ordering.  The  reason  long-range  order  was  not  found  in  these  early 
studies  most  likely  is  due  to  sample  stoichiometry.  La2NiC>4  is  very  difficult  to 

prepare  stoichiometricaily,  with  it  usually  being  reported  to  have  an  oxygen 
excess.6*7*8  Both  the  magnetic  and  electrical  properties  of  La2NiC>4  have  been  shown 

to  be  very  sensitive  to  the  oxygen  stoichiometry;6*7  thus,  the  lack  of  observed  long- 
range  order  in  these  initial  studies  is  likely  due  to  the  use  of  non-stoichiometric 
samples.  Not  until  the  mid-1 980's,  when  experiments  were  conducted  on 
stc: 'biometric  single  crystals,  was  long-range  antiferromagnetic  ordering  found  in 
La2Ni04.6 
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The  electrical  properties  of  La2Ni04  have  also  made  it  of  special  interest. 

When  it  is  oxygen-excess,  it  has  a  low  electrical  resistivity,  with  reported  room 
temperature  resistivities  ranging  from  0.037  to  0.3  fi-cm.5  This,  plus  its  high 
temperature  stability  (up  to  1300°  C  in  air),  has  made  it  of  interest  for 
applications  such  as  electrodes  in  oxygen  electrochemical  gauges.9  It  also  exhibits  a 
semiconductor-metal  transition  above  650  K,6  which  has  been  the  focus  of  many 
studies. s-10-1 1 

Most  recently,  L^NiC^  has  been  studied  because  It  possesses  the  same  crystal 
structure  as  the  new  class  of  high  temperature  superconductors  La2.xMxCu04 
(M  «  Sr  or  Ba)  discovered  by  Bednorz  and  MU  Her. 12  The  superconducting 
transition  temperature  for  these  compounds  ranges  from  30  to  45  K,  which  is 
higher  than  that  predicted  by  the  BCS  theory  of  superconductivity.13  One  possible 
path  towards  achieving  a  better  understanding  of  the  mechanism  behind 
superconductivity  in  these  materials  ties  in  studying  the  properties  of  isostructural 
compounds,  such  as  La2Ni04.  Structural  and  compositional  studies  of  Sr-  or  Ba- 
substituted  La2Ni04  (of  the  form  La2-x  MxNi04  (M  -  Sr  or  Ba))  are  also  of 
interest,  as  formally  there  exists  a  mixed  valence  of  Ni2*  and  Ni3*  in  these 
materials,  which  is  the  similar  in  nature  to  the  formal  mixed  valence  state 
(Cu2+/Cu3+)  present  in  the  superconducting  materials. 

1.2  The  K2N1F4  Structure 

La2Ni04  possesses  the  K2NiF4  structure,  which  was  originally  described  by  Balz 
and  Plieth14.  The  structure  is  made  up  of  alternating  rock-salt,  AO,  and  perovskite, 
ABO3,  layers,  with  the  separation  between  layers  being  almost  twice  the  intraplanar 
distance  between  two  B  ion  nearest  neighbors.  (See  Fig.  1 .1 .)  This  causes  both  the 
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Figurel.1  The  K2NiF4  structure.  For  La2Ni04  the  A  atoms  correspond 
to  lanthanum,  the  B  atoms  to  nickel  and  the  0  atoms  to  oxygen. 
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electrical  and  magnetic  properties  of  materials  possessing  this  crystal  structure  to 
be  strongly  two-dimensional.  Of  the  many  compounds  which  belong  to  this 
structure,  most  are  halogenides  or  oxides.  Various  people15*17  have  devised 
stability  criteria  for  the  oxides  of  this  structure.  One  conceptually  appealing  model 
was  proposed  by  Poix;17  it  relates  the  stability  of  the  structure  to  the  ratio  of  the 
relative  A  -  O  -  A  and  B  -  0  -  B  bond  lengths: 


V2  r(A  -  O) 

t  -  - • 

2  r(B  -  O) 


(2-1) 


where  the  structure  is  stable  for  t  within  the  limits  0.85  <  t  <  1 .02,  and  it  is 
most  stable  for  t  -  1.0.  The  “  factor  arises  because  the  {110}  planes  of  the 

perovskite  layers  are  stacked  alternately  with  the  {100}  planes  of  the  rock-salt 
layer. 

2.  Experimental 


2.1  Synthesis 

Solid  solutions  of  the  system  La2.xBaxNi04  (0  i  x  i  1.0)  were  prepared 
using  the  appropriate  stoichiometric  amounts  of  99.99%  La203,  NiO  and  BaC03.  The 

mixtures  were  thoroughly  ground  using  an  agate  mortar  and  pestle,  followed  by 
dissolution  in  a  minimum  amount  of  nitric  acid  (HNO3),  wh<ch  produced  an  emerald 

green  paste.*  The  mixtures  were  heated  overnight  at  150°  C,  followed  by  another 
grinding  and  a  12-hour  firing  at  600°  C  to  bum  off  the  nitrates."  After  this 
step  the  powders  appeared  dark  gray  in  color.  They  were  then  reground  and  fired  in 

This  nitration  technique  was  used  as  it  was  shown  to  provide  more  intimate  mixing, 
more  chemically  homogeneous  products  and  shorter  reaction  times  compared  with 
standard  solid  state  reaction  of  the  oxides. 

**  Alumina  crucibles  or  plates  were  used  for  all  firings. 
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air  at  1 1 00°  C  for  24  to  36  hours  with  1  to  2  intermittent  grindings,  after  which 
the  powders  were  black  in  color. 

Sintered  pellets  were  made  from  the  powder  in  order  to  measure  the  magnetic 
and  electrical  properties  of  the  materials.  Pellets  were  formed  in  a  Carver®  press 
and  sintered  at  temperatures  ranging  from  1150°  C  to  1250°  C  for  12  hours  in  air. 
It  was  found  that  the  sintering  temperature  decreased  with  increasing  barium 
content. 

2.2  X-ray  Analysis 

Powder  diffraction  patterns  of  the  samples  were  obtained  with  a  Philips- 
Norelco  diffractometer  using  monochromated  high  intensity  CuKoq  radiation 
1.5405A  ).  For  qualitative  identification  of  the  phases  present,  the  patterns 
were  taken  from  12°  i  2  8  i  72°  with  a  scan  rate  of  1  0  20 /min  and  a  chart  speed 
of  30  in/hr.  The  scan  rate  used  to  obtain  more  quantitative  analyses  was  0.25  0 
2  6 /min  with  a  chart  speed  of  30  in/hr.  Cell  parameters  were  then  determined 
using  a  least  squares  refinement  of  the  measured  reflections.1 8 

2.3  Microstructural  Studies 

The  microstructure  of  sintered  samples  of  La2.xBaxNi04  (x  -  0,  0.2,  0.4 

and  0.6)  was  examined  using  a  JEOL  840  scanning  electron  microscope  (SEM).  The 

atomic  ratios  of  lanthanum,  barium  and  nickel  present  in  these  samples  were 

determined  by  energy  dispersive  x-ray  spectroscopy  (EDS)  using  a  Tracor  Northern 

5500  x-ray  and  image  analyzer.  For  each  sample,  spectra  were  gathered  on  five 

different  points  for  100  seconds  each.  Quantitative  analyses  were  performed  using  a 

Tracor  Northern  least  squares  spectral  fitting  program.19  Data  on  all  of  spectra 
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were  corrected  for  atomic  number,  absorption  and  fluorescence  effects  using  a 
standard  ZAF  program.  For  these  corrections,  a  single  crystal  of  LaBg  was  used  as 
the  lanthanum  standard,  a  BaS04  sample,  commercially  available  from  Tousimis, 
for  the  barium  standard,  and  a  nickel  sample,  also  commercially  available  from 
Tousimis,  for  the  nickel  standard. 

2.4  Thermogravimetric  Analysis 

Oxygen  stoichiometries  were  determined  on  powder  samples  of  the  La2Ni04 
and  La^  4Ba0.gNiO4  compounds  by  thermogravimetric  analysis  (TGA)  using  a  Cahn 

eiectrobalance  (Model  RG).  In  these  studies  a  reducing  atmosphere  of  predried 
85%  Ar/1 5%  H2  was  passed  over  the  sample.  Approximately  50  mg  of  compound 

was  used  for  each  experiment.  The  sample  bucket  was  initially  fired  to  1 000°  C  in 
order  to  burn  off  any  possible  contaminants  that  would  affect  the  experiment  and 
then  allowed  to  cool  to  room  temperature  before  adding  the  sample.  After  the  room 
temperature  weight  had  stabilized,  the  sample  was  heated  to  1 000°  C  at  a  rate  of 
1  °/min  under  a  gas  flow  of  60  cm3/min.  The  reduction  was  allowed  to  continue  until 
a  constant  weight  was  reached.  An  x-ray  diffraction  pattern  was  then  taken  of  the 
reduced  sample. 

2.5  Magnetic  Susceptibility  Measurements 

DC  magnetic  susceptibilty  measurements  were  done  for  the  temperature 
range  6  to  300  K  on  sintered  samples  of  La2.xBaxNi04  (x  «  0,  0.2,  0.4  and  0.6) 

using  a  S.H.E.  Corp.  SQUID  magnetometer.  Readings  were  taken  for  each  temperature 
after  the  temperature  had  remained  stable  for  five  minutes  to  within  ±  0.02  K  for 
T  <  70  K  and  to  within  ±0.1  K  for  70  S  T  £  300  K.  The  magnetic  susceptibility 
was  also  measured  for  the  temperature  range  77  to  300  K  on  a  powder  sample  of 
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La2N<04  using  a  Faraday  balance  described  elsewhere.20  The  balance  was  calibrated 
with  platinum  wire  C*g  -  0.991  x  I0*6emu/g  at  275  K).  Corrections  were 
applied  to  compensate  for  the  effect  of  the  quartz  sample  bucket.  No  corrections  for 
core  diamagnetism  were  made  on  any  of  the  magnetic  measurements. 

2.6  Electrical  Resistivity  Measurements 

Room  temperature  resistivity  measurements  were  taken  on  sintered  samples 
of  La2-xBaxNi04  (x  *  0,  0.2,  0.4  and  0.6)  using  the  van  der  Pauw  four-point 

probe  technique.  (See  Appendix  A.)  Indium  leads  were  attached  to  the  circumference 
of  the  samples  using  an  ultrasonic  soldering  iron.  This  method  enabled  approximate 
point  contacts  to  be  made  with  the  sample.  In  addition,  the  changing  trend  in 
resistivity  was  qualitatively  noted  as  the  sample  was  cooled  down  to  77  K. 

3.  Results  and  Discussion 

3.1  Crystal  Structure 

X-ray  analysis  showed  that  members  of  the  system  La2-xBaxNi04 

(01  x  i  1.0)  were  single  phase  (Appendix  B)  and  crystallize  with  the  tetragonal 
K2NiF4  structure.  Table  3.1  lists  the  cell  dimensions  for  the  compounds.  Individual 

reflections  from  the  cell  refinements  are  given  in  Appendix  C.  With  increasing 
barium  (01x1  0.5),  the  cell  elongates  in  the  c-direction  and  compresses  in  the 
a-b  plane,  with  the  cell  volume  staying  roughly  constant.  Within  the  compositional 
range  (0.5  1  x  1  0.6),  the  trend  reverses.  The  c  parameter  reaches  a  maximum 
and  decreases  slightly  thereafter,  while  the  a  parameter  reaches  a  minimum  and. 
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Table  3.1  Tetragonal  Cell  Paramaters  for  the  Compositional  Series 
La2-xBaxN'04  (0  -  x  -  1.0): 


Compound 

a  (A) 

c(A) 

V(A3) 

La2Ni04 

3.859(1) 

12.679(1) 

188.80(4) 

La-i  .9Ba01NiO4 

3.858(1) 

12.727(1) 

189.47(3) 

Lai.8®ao.2^'®4 

3.855(1) 

12.764(1) 

189.73(3) 

Lai.7Ba0.3NiO4 

3.848(1) 

12.813(2) 

189.70(5) 

*-a1.6Ba0.4N'O4 

3.845(1) 

12.843(2) 

189.89(4) 

Lai  .5Bao.5Ni04 

3.842(1) 

12.860(5) 

189.83(8) 

Lai  .4®a0.6^'®4 

3.847(1) 

12.888(3) 

190.76(5) 

La^j  3Bao  7Ni04 

3.853(1) 

12.877(2) 

191.12(4) 

Lai  .2®a0.8^’®4 

3.858(1) 

12.858(3) 

191.35(6) 

Lai  .i®ao.9^'®4 

3.865(1) 

12.850(2) 

191.97(4) 

LaBaNiQ4 

3.868(1) 

12.839(3) 

192.13(5) 

12.9 


iz.y  - 

top- 

0 

B 

1 

a 

q 

1 

14.o 

« 

u 

12.7- 

i 

1 2.65 

S’ 

-y  q*t  — 

0 

1 

J 

* 

3.87 

3.86- 

oC 

e 

t  nc  - 

! 

i 

c 

a 

! 

2 

0 

1 

j 

; 

* 

B 

! 

i 

| 

! 

3  84- 

- « - 

□ 

1 

- > - 1 

t 

i 

b 

- 1 — — j 

— i — 

- . - - 

0.0  0.2  0.4  0.6  0.8  1.0  1.2 

x 


Figure  3.1.  Change  in  the  tetragonal  cell  parameters  a  and  c  with  increasing  Ba 
content  in  La2-xBaxNi04.  The  initial  increase  in  c  and  corresponding  decrease  in  a 
is  due  to  a  Jahn-Teller  distortion.  The  later  increase  in  a  is  attributed  to  a  steric 
effect  caused  by  the  increasing  amount  of  Ba  being  substituted  for  the  smaller  La  ion. 
The  slight  decrease  in  c  in  this  region  is  explained  as  a  result  of  lessening  of 
electrostatic  repulsion.  The  presence  of  Ni4+  in  compounds  with  higher 
concentrations  of  barium  (x  £  0.5)  could  also  help  explain  this  behavior. 
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Figure  3.2.  Change  in  the  ratio  of  lattice  parameters,  c/a,  with  increasing  Ba 
content  in  La2-xBaxNi04.  The  overall  effect  of  the  Jahn-Teller  distortion  reaches  a 
maximum  at  x  *  0.6. 
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Figure  3.3.  Change  in  cell  volume  with  increasing  Ba  content  in  La2-xBaxNiC>4. 
The  volume  stays  roughly  constant  in  the  region  where  only  the  Jahn-Teller 
distortion  is  present.  As  steric  effects  also  begin  to  affect  the  cell  parameters, 
forcing  the  a-b  plane  to  expand,  the  volume  begins  to  increase. 
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then  starts  to  increase  sharply.  At  this  point,  the  volume  also  starts  to  increase  at  a 
steady  rate.  (See  Figs.  3.1  and  3.3.)  Cell  refinements  were  done  on  a  second  series 
of  separately-prepared  compounds,  reproducing  the  results  of  this  first  study. 

The  initial  increase  in  c  and  corresponding  decrease  in  a  with  increase  in 
barium  content  is  understandable  with  respect  to  the  change  in  the  oxidation  state  of 
nickel.  For  stoichiometric  I^NiC^,  formally,  only  Ni2+  should  exist.  As  barium  is 
substituted  into  La2-xBaxNi04,  an  equal  amount  of  Ni2+  is  oxidized  to  Ni3+  in  order 
to  preserve  electrical  neutrality.*  The  trivalent  nickel  created  by  barium 
substitution  may  exist  in  either  the  low-splin  (t296eg1)  or  high-spin  (t2g5eg2) 
state.  For  the  similar  compositional  series,  La2-xSrxN'0421  (as  wel1  as  many 
other  trivalent  nickel-oxide  systems,  such  as  LaNi03  and  NaNiC^)23-24,  it  is 
reported  to  exist  in  the  low-spin  state. 

Gopalakishnan  et  al 21  reason  that  since  the  Ni  -  O  -  Ni  distance  in  the 
La2-xSrxNi04  system  (<  3.87  A)  is  smaller  than  that  for  NiO  (4.177  A),  the 

trivalent  nickel  exists  in  the  low-spin  state.  This  low-spin  state,  t2g6eg1,  is 
susceptible  to  Jahn-Teller  distortions  which  could  shorten  the  Ni  -  O  -  Ni  bond 
length.  In  the  present  system  the  Ni  -  0  -  Ni  distance  (<  3.87  A)  is  also  smaller 

than  that  for  NiO,  so  it  is  reasonable  to  expect  that  here,  too,  the  trivalent  nickel 
exists  in  the  low-spin  state.  In  this  state  there  exist  octahedrally-coordinated,  d7 
ions  which  are  orbitally  degenerate  because  the  “hole"  in  the  d8  configuration  may  be 
either  the  dz2  or  the  dx2.y2  orbital  of  the  eg-set.  The  fact  that  the  c  -axis  elongates 

while  the  a-b  plane  compresses  (for  0  1  x  f  0.5-0.6)  appears  to  indicate  that  the 
distortion  of  the  low-spin  state  Ni3*-  0  octahedra  is  to  produce  four  short  and  two 

long  bonds  and,  therefore,  that  the  single  eg  electron  is  ordered  in  the  dz2  orbital. 

—  ■  —  ■  i  ■  i  ii  i  ■  0 

This  series  can  therefore  be  formulated  as  la2.x3+Bax2+Nii.x2-*’Nix3+042'. 
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The  Jahn-Teller  distortion  reaches  a  maximum  at  x  -  0.6  (Fig.  3.2),  where 
the  c/a  ratio  equals  3.350.  For  the  tetragonal  K2NiP4  structure,  the  c/a  ratio 

normally  lies  between  3.25  and  3.30,  except  when  a  Jahn-Teller  ion  is  present.8-24 
For  instance,  Jahn-Teller  distortions  are  evident  for  K2CuF4  which  has  a  c/a  ratio 
of  3.07,  La2Cu04  having  a  c/a  ratio  of  3.4625  and  La2Ni0  5Li0  504,  a  Ni3+- 

containing  compound,  with  a  c/a  ratio  of  3.43. 26  As  3.350,  the  maximum  c/a 
ratio  seen  in  La2.xBaxNi04,  varies  only  slightly  from  the  normal  c/a  value,  the 

Jahn-Teller  distortion  appears  to  be  relatively  weak  for  this  system.  This  was  also 
found  to  be  the  case  for  La2.xSrxNi04  21 

The  decrease  in  the  a  -axis  in  the  region  0  i  x  i  0.5  is  further  enhanced  by 
the  fact  that  the  ionic  radius  of  Ni3+  in  the  low-spin  state  (0.56  A)  is  much  smaller 
than  that  of  Ni2+  (0.69  A).  This  takes  place  even  though  the  A-ion  size  is 
concurrently  being  increased  as  a  result  of  Ba2+  substitution  for  La3+.*  This  is 
easily  understood  with  respect  to  the  K2NiF4  structure.  The  alternating  perovskite 

and  rock-salt  layers  give  the  structure  rigidity.  From  a  purely  ionic  view,27  for 
La2Ni04,  the  B  -  O  -  B**  bond  length  should  equal  4.18  A,  while  the 

corresponding  bond  length  2  (A  *  O  *  A)*  in  the  rock-salt  structure  should  be 
3.68  A.  This  difference  causes  buckling  of  the  BOg  octahedra  in  LaNiC>38,  but  the 
intervening  rock-salt  layer  (present  in  the  K2NiF4  structure)  does  not  allow  that  to 
happen  for  La2Ni04.  Instead,  the  perovskite  layer  is  put  in  compression,  while  the 
rock-salt  layer  is  put  into  tension.  Thus,  the  measured  a  parameter,  3.859  A,  is 

The  volume  also  stays  constant  in  this  range,  even  though  increasing  amounts  of  a 
larger  ion  are  being  substituted  into  the  compound.  This  is  in  contradiction  to  Vegard's 
rule. 

**  The  B  ions  correspond  to  either  Ni2+  or  Ni3+,  while  the  A  ions  correspond  to  either 
La3+  or  Ba2+. 

7  The  (110)  planes  of  the  perovskite  layers  are  slacked  alternately  with  the  {100} 
planes  of  the  rock-salt  layer. 
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less  than  what  would  be  expected  by  only  considering  the  8  -  0  -  B  bond  length  and 

more  than  that  which  would  be  expected  by  considering  just  the  rock-salt  layer.  The 
Jahn-Teller  distortion,  however,  causes  a  to  be  significantly  less  than  the  average 
of  these  two.  As  barium  is  substituted  onto  the  A-site,  the  A  -  O  -  A  bond  lengthens 

because  of  the  larger  barium  ion  and  the  B  -  0  -  B  bond  shortens  because  of  the 
oxidation  of  nickel.  The  calculated  B  -  O  -  B  distance,  therefore,  continues  to 
decrease  down  to  a  value  of  3.92  A,  while  the  A  -  O  -  A  distance  increases  up  to  a 
value  of  3.87  A  for  LaBaNi04;  thus,  in  the  compositional  range  studied,  taking  into 
account  only  ionic  effects,  the  larger  size  of  the  barium  ion  should  never  force  the 
a  -axis  to  expand  and,  in  fact,  the  oxidation  of  the  nickel  due  to  the  barium 
substitution  allows  it  to  initially  decrease. 

The  fact  that  the  a  parameter  does  increase  (after  a  minimum  value  is 
reached)  is  a  combined  result  due  to  the  presence  of  the  Jahn-Teller  ion  and  the 
replacement  of  lanthanum  by  the  larger  barium  ion.  The  Jahn-Teller  ion  creates  a 
configuration  in  which  the  energy  is  lowered  by  a  shortening  of  the  bonds  in  the  a-b 
plane.  This  decrease  in  a  puts  the  B  -  0  -  B  bond  in  even  greater  compression,  but, 
at  least  initially,  also  serves  to  lessen  the  tension  on  the  A  -  0  -  A  bond.  The  a 
parameter  reaches  a  minimum  value  of  3.842  A  for  La}  5Ba0  5N1O4,  at  which  point 
the  calculated  value  for  the  B  -  O  -  B  bond  is  4.05  A,  while  the  corresponding  bond 
length.  (A  -  O  -  A),  is  3.77  A.  At  this  point,  then,  the  tension  on  the  A  -  O  -  A 

bond  is  still  being  slightly  lessened  by  the  Jahn-Teller  distortion  in  the  a-b  plane. 
But  as  the  barium  concentration  increases  further,  this  situation  changes;  the 
A  -  O  -  A  distance  continues  to  increase  and  the  B  -  O  -  B  length  to  decrease,  with 

the  average  of  the  two  staying  close  to  3.90  A.  As  further  decreases  in  a  no  longer 
serve  to  lessen  the  tension  in  the  rock-salt  layer,  the  structure  becomes  less 
susceptible  to  the  Jahn-Teller  distortion,  and  the  pure  size  of  the  ions  forces  a  to 
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start  to  increase,  easing  some  of  the  compression  now  present  in  both  structural 
layers.  Weak  Jahn-Teller  distortions  continue  to  play  a  role,  however,  as  the 
measured  a  value  for  LaBaNi04  is  less  then  that  calculated  for  either  the  rock-salt 

or  perovskite  layer.  There  may  also  be  covalent  effects  present  which  could  cause 
the  lattice  parameters  to  vary  slightly  from  that  which  has  been  discussed  here. 

Although  weak  Jahn-Teller  distortions  are  still  present,  the  c-  axis  slightly 
decreases  in  the  same  region  where  the  a  -axis  is  increasing.*  This  is  attributed 
to  a  lessening  of  electrostatic  repulsion.  Along  the  c  -axis  there  are 
A-O-B-O-A...A-O-B-O-A  linkages.  (See  Fig.  1.1.)  Thus,  strong  electrostatic 
repulsion  exists  between  A...A  ions,  which  have  no  anions  intervening  between  them. 
As  the  La3+  ions  are  replaced  by  Ba2+  ions,  this  electrostatic  repulsion  lessens, 
allowing  the  c  -axis  to  pack  together  a  little  more  tightly.  Ganguly  and  Rao8  propose 
that  this  electrostatic  repulsion  is  also  a  factor  in  making  the  a  parameter  less  than 
what  is  expected  from  ionic  radii.  They  believe  that  oxygen  ions  in  the  basal  plane 
may  actually  draw  closer  together  in  order  to  help  screen  the  electrostatic  repulsion 
between  the  A...A  ions.  This  model  is  in  complete  agreement  with  what  is  seen  in  the 
present  system.  With  higher  concentrations  of  barium  (where  the  electrostatic 
repulsion  is  undoubtedly  lessened),  the  c-axis  contracts  slightly  as  the  A...A  ions 
feel  less  repulsion  towards  one  another  and  the  a  -axis  expands,  as  the  oxygen  ions  no 
longer  have  as  large  of  an  electrostatic  repulsion  to  shield. 

Gopalakishnan  et  al .21  explain  similar  behavior  observed  in  the 
La2.xSrxNi04  system  by  saying  that  the  low-spin  state  changes  so  that  the  eg 
electron  becomes  ordered  in  the  dx2.y2  orbital.  In  the  present  system,  however, 
even  though  overall  a  is  increasing,  the  a  parameter  continues  to  be  less  than  the 

* 

*  This  is  possible  because  the  a-b  plane  is  the  plane  of  densest  packing. 
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average  value  of  the  B  -  0  -  B  and  corresponding  A  -  O  -  A  bond  lengths,  indicating 
that  the  eg  electron  is  still  aligned  along  the  dz2  orbital. 

Preliminary  studies  indicate  another  possibile  factor.  TGA  performed  on 
La-|  4Ba0  6N1O4  seems  to  indicate  a  three-step  reduction,  which  may  correspond  to 

the  presence  of  Ni2+,  Ni3+  and  Ni4+  in  the  Ba-substituted  compound.*  It  has  been 
suggested28  that  alkaline  earth  ions  can  stabilize  Ni4+  in  the  system  Lai  -xMxNiC>3 
(M  =  Ca,  Ba  or  Sr).  The  ionic  radius  of  Ni4+  is  slightly  less  than  that  of  Ni3+,  but 
the  Ni4+,  d6  electronic  configuration  is  not  susceptible  to  a  Jahn-Teller  distortion; 
thus  the  presence  of  Ni4+  for  the  range  of  barium  concentrations  0.6  i  x  i  1.0 
would  be  consistent  with  the  lattice  parameter  data  in  this  work.  The  Jahn-Teller 
distortion  due  to  the  Ni3+,  d7  ions  would  be  reduced  in  these  high  Ba-containing 
compounds,  and  their  lattice  parameters  would  actually  correspond  closely  to  those 
of  compounds  with  lower  barium  concentrations,  but  with  equal  Ni3+  concentrations. 

3.2  Microstructure 

SEM  showed  the  particle  size  to  be  under  10  microns  in  all  of  the  measured 
samples.  In  addition,  it  showed  that  the  particle  size  was  especially  uniform  for  all 
Ba-substituted  samples.  (See  Figs.  3.4  and  3.5.)  The  particle  size  is  also  smaller 
in  the  Ba-substituted  samples,  as  would  be  expected  due  to  their  lower  sintering 
temperature. 


*  For  La2NiC>4  only  a  two-step  reduction  is  apparent,  which  would  correspond  to  only 
Ni2+  and  Ni3+. 
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a)  La2Ni04 


b)  Lai.8Bao.2Ni04 


•f 

Figure  3.4  Microstructure  of  a)  La2Ni04  and  b)  Lai  .8Ba0.2NiO4. 
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b)  Lai.4Bao.sNi04 


Figure  3.5.  Microstructure  of  a)  Lai ,6Bao.4Ni04  and  b)  Lai,4Bao.6Ni04 
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The  relative  atomic  percents  of  lanthanum,  barium  and  nickel  present  in  the 
samples  were  measured  by  EDS.  The  results  from  this  technique  are  given  in  Table 

3.2  and  plotted  spectra  for  each  sample  are  shown  in  Figs.  3.6  *  3.9.  The  calculated 
values  correspond  to  the  expected  values  (for  the  given  sample  stoichiometry)  to 
within  the  error  of  the  measurement  and  technique.  In  addition,  the  consistency  in 
values  measured  from  different  points  on  the  sample  indicates  that  the  materials 
microchemicaliy  homogeneous.  Sayer  and  Odier7  saw  a  slight  lanthanum  deficiency 
(La/Ni  *  1.985  -  1.99)  in  La2NiC>4  prepared  by  reaction  of  the  oxides.  This  differs 
from  the  present  work  in  that  nitrate  precursors  were  not  used.  Furthermore,  much 
higher  temperatures  and  longer  heating  times  were  used  as  compared  to  those 
employed  in  the  present  work.  The  material  was  reacted  at  1200°  C  and  sintered  at 
1300°  C  for  48  hours,  as  opposed  to  the  present  study  where  the  materials  were 
reacted  at  1100°  C  and  sintered  at  1150  -  1250°  C  for  12  hours. 

3.3  Oxygen  Stoichiometry 

The  oxygen  stoichiometries  were  determined  on  La2Ni04  and  Lai  ,4Bao.6Ni04 
compounds  by  TGA.  X-ray  diffraction  patterns  of  the  reduced  compounds  showed 
La2C>3  and  nickel  metal,  and  also  BaO  for  the  Ba-containing  compound.  The  measured 
weight  losses,  with  respect  to  these  reductions,  indicated  an  excess  of  oxygen  for 
both  samples.’  This  corresponded  to  an  actual  stoichiometry  of  La2NiC>4.i3  for  the 
La2NiC>4  sample  and  La1.4Ba0.6NiO4.0B  for  the  Ba-substituted  sample.” 

This  was  also  taking  into  account  that  the  cation  atomic  ratios  had  been  determined  to 
be  as  expected. 

”  Up  to  this  point,  these  compounds  have  been  referred  to  as  LagNi04  and 
Lai  4Bao.eNi04  --  and  may  continue  to  be  referred  to  as  such  -  out  of  simplicity.  In  * 

addition,  most  likely  the  other  compounds  are  also  oxygen-rich,  but  measurements  to 
determine  this  have  as  yet  not  been  made. 
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Table  3.1  Relative  atomic  percents  of  La,  Ba  and  Ni  measured  for  the  samples 
La2-xBaxN'^4  (x  *  0.  0.2,  0.4  and  0.6): 


Compound  Pt. 

La 

Ba 

Ni 

Compound 

Pt. 

La 

Ba 

Ni 

La2Ni04 

1 

64.72 

-- 

35.28 

Lai  gBao  2Ni04 

1 

60.40 

6.66 

32.94 

2 

66.53 

- 

33.47 

2 

60.90 

7.01 

32.09 

3 

66.71 

- 

32.71 

3 

60.12 

6.75 

33.13 

4 

68.83 

- 

30.55 

4 

61.03 

6.78 

32.19 

5 

66.93 

- 

33.07 

5 

61.05 

6.45 

32.50 

AVG. 

66.74 

— 

33.02 

60.70 

6.73 

32.57 

EXPECTED  VALUES 

66.67 

- 

33.33 

60.00 

6.67 

33.33 

La1 .6Ba0.4NiO4 

1 

54.74 

12.63 

32.64 

La1.4Ba0.6NiO4 

1 

47.24 

19.82 

32.94 

2 

54.19 

12.11 

33.70 

2 

47.08 

19.05 

33.87 

3 

54.09 

12.66 

33.25 

3 

47.35 

19.79 

32.86 

4 

54.28 

12.78 

32.95 

4 

47.00 

19.22 

33.77 

5 

55.79 

12.92 

31.29 

5 

46.78 

20.52 

32.70 

AVG 

54.62 

12.62 

32.77 

47.89 

19.68 

33.23 

EXPECTED  VALUES 

53.33 

13.33 

33.33 

46.67 

20.00 

33.33 

Figure  3.6. 


‘Figure  3.7.  Microchemical  analysis  of  La1.eBao.2MO4-  The  Ba  I  lines  overlap  wilh  those  PI  La,  so  a  program  is 
deconvolute  the  peaks. 


Figure  3, 


Ba  1  lines 


Figure  3.9.  Microchemical  analysis  of  Lai.4Bao.6Ni04.  Due  to  the  higher  concentration  ot  Ba  in  this  sample,  the  Ba  lines 
become  more  dislincl  from  those  of  La  as  evidenced  by  the  shoulder  formed  on  the  left  side  of  the  strongest  La  peak. 


lodometric  titrations29  were  also  performed  on  La2Ni04  to  determine  oxygen 
stoichiometry  by  measuring  the  Ni34  content.  The  end  point  of  these  titrations  was 
unable  to  be  determined  accurately  due  to  the  presence  of  a  precipitate  in  the 
solution.  The  titrations  did  indicate,  however,  that  Ni34  was  present  in  the 
compound. 

Many  others5-7'21-30  have  reported  an  excess  of  oxygen  in  both 
polycrystalline  and  single  crystal  La2Ni04  when  prepared  in  ambient  conditions.  In 
addition,  oxygen  excesses  have  been  reported  for  the  analogous  system  La2-xSrxN,’C)4 
in  the  range  (0  *  x  i  0.6),  with  the  amount  of  excess  oxygen  decreasing  with 
increasing  concentration  of  strontium.21  (The  compositions  with  higher  strontium 
concentrations  (0.6  <  x  <  1 .0)  were  determined  to  be  stoichiometric.)  In  all  of 
these  cases,  the  oxygen  excess  is  attributed  to  the  presence  of  Ni3+  in  the  compound. 
From  3  up  to  as  much  as  20%  Ni3+  has  been  reported  for  La2Ni04  samples  prepared 
under  ambient  conditions.6-7  As  high  as  32%  Ni34  has  been  reported  for  La2Ni04 
crystals  which  were  melted  and  grown  under  a  continuous  flow  of  pure  oxygen.30 
When  grown  under  these  high  oxygen  partial  pressures  (80  *  100%),  the  crystals 
showed  extensive  cracking. 

Ganguly  and  Rao8  propose  that  the  oxidation  of  Ni24  to  Ni34  occurs  in  order 
to  lower  the  energy  of  the  system  by  stabilizing  the  tetragonal  K2NiF4  structure. 
According  to  equation  2-1  the  tetragonal  K2NiF4  structure  is  stable  within  the 

limits  0.85  it  i  1.02  and  most  stable  for  t  equal  to  1.0,  where  t  is  the  ratio 
of  bond  lengths  ^  (A  -  O  -  A)/(B  -  O  -  B).  For  La2Ni04  t  is  equal  to  0.876, 

which  is  at  the  lower  limit,  of  stability.  If  Ni24  were  to  be  oxidized  to  Ni34, 
however,  the  B  -  O  -  B  distance  would  decrease,  causing  t  to  increase  and  making 
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the  structure  more  stable.*  This  explanation  --  that  excess  Ni3-*-  stabilizes  the 

tetragonal  structure  --  is  substantiated  by  the  fact  that  when  La2Ni04  is 

% 

stoichiometric  or  slightly  oxygen  deficient  (i.e.  no  Ni3+  is  present)  it  is  unable  to 
support  the  tetragonal  structure;  the  NiOg  octahedra  are  forced  to  tilt  along  the 
<11 0>  direction,  so  that  possesses  a  monoclinic  structure.6-8 

The  fact  that  the  oxygen  excess  lessens  with  increasing  barium  substitution 
in  the  present  system  (and  also  with  strontium  substitution  in  La2-xSrxNi04.  as 

reported  in  the  literature)  is  to  be  expected,  as  the  substitutions  create  an 
increasing  amount  of  Ni3+;  thus  t  increases  automatically  with  divalent  cation 
substitution,  so  less  oxygen-excess  is  needed  in  these  compositions  to  achieve  the 
same  degree  of  structural  stability  achieved  with  greater  oxygen  excesses  in  samples 
of  lower  barium  (or  strontium)  content. 

In  the  present  work,  a  high  amount  of  Ni3+  exists  in  the  La2NiC>4  sample 
(26%),  as  compared  to  what  others  have  reported  (3*20%).  This  can  be  attributed 
to  the  nitration  precursor  process  initially  producing  the  higher  oxidation  state  of 
nickel  (Ni3+).  which  remains  stable  to  temperatures  much  higher  than  that  at  which 
the  nitrates  bum  off.  As  the  oxides  begin  to  react,  forming  LagNiOA,  the  Ni3+ 
stabilizes  the  tetragonal  cell  structure,  so  that  very  little  of  the  oxidized  Ni3+  is 
ever  allowed  to  reduce  back  to  Ni2+,  and  its  presence  causes  there  to  be  an  oxygen 
excess  in  order  to  maintain  charge  balance. 

Possibilities  have  been  suggested  to  acoount  for  the  presence  of  the  excess 
oxygen  in  the  structure.  Drennan  et  a/.31  propose  that  in  La2N*04  there  may  exist 
intergrowths  of  the  Ruddlesden-Popper32  type  phases  LagN^Oy  and  L^N^O-iq. 

Furthermore,  if  the  Ni3+  ions  exist  in  the  low-spin  state,  as  they  do  in  the  present  , 
system,  the  energy  of  the  system  may  be  lowered  even  further  if  the  Jahn-Teller 
distortion  puts  the  B  .  O  .  B  bond  into  compression. 
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Such  intergrowths  would  be  possible  if  the  Ni3+  ions  were  to  be  randomly 
distributed,  causing  the  LaNi'03  layer  to  be  electrically  neutral.  High  resolution 
electron  microscopy  (HREM)  has  been  performed  on  oxygen-excess  La2N'04 
prepared  by  two  different  groups  30’33  .however,  with  no  evidence  for  these 
higher-order  phases  being  found.  Another  explanation  for  the  presence  of  excess 
oxygen  in  the  structure  is  A-site  deficiency. 

3.4  Magnetic  Susceptibility  Measurements 

The  magnetic  susceptibilities  for  La2-xBaxNi04  (x  «  0,  0.2,  0.4  and  0.6)  as 
a  function  of  temperalure  are  shown  in  Fig.  3.10.  These  measurements  were 
performed  on  a  SQUID  magnetometor.  The  magnetic  susceptibility  for  La2Ni04  was 
also  measured  using  the  Faraday  method  .  Figure  3.11  shows  the  two  measurements 
of  La2N|04  to  be  in  good  agreement. 

Both  of  the  measurements  show  an  anomaly  in  the  La2Ni04  susceptibility 
curve  at  110  K.  A  similar  anomaly  was  seen  by  Buttrey  et  a/.6  in  a  single  crystal 
La2NiO4.i0  sample  and  also  in  La2Ni04+<  («  >  0)  powders,  while  others  have  noted 
discontinuities  in  Curie-Weiss  law  plots  for  La2Ni04+*(  s  >  O).3-8-34  This 
anomalous  behavior  is  not  well  understood,  but  appears  to  be  indicative  of  oxygen- 
excess  La2N'04+<.  As  t  goes  to  zero,  the  anomaly  disappears,  with  the 
susceptibility  becoming  almost  temperature  independent.  Studies  done  on  single 
crystals  of  nearly  stoichiometric  La2Ni04.oos  and  La2Ni04.ooo  show  them  to  exhibit 
long-range  quasi-two-dimensional  antiferromagnetic  order,  with  the  slightly 
oxygen-excess  sample  having  broad  transitions  from  isotropic  to  anisotropic 
susceptibility  near  100  and  250  K.6 
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Figure  3.10  Magnetic  susceptibility  as  a  function  of  temperature  and  barium 
concentration  in  La2.xBaxNi04  (x  =  0,  0.2,  0.4  and  0.6).  An  anomaly  in  the 
susceptibility  curve  is  present  for  La2N'04-  This  anomaly  disappears  and  the 
magnetic  susceptibility  drops  significantly  with  the  addition  of  barium  into  the 
system. 


X  (emu/mol) 


Temperature  (K) 


Figure  3.11  Magnetic  susceptibility  versus  temperature  for  La2Ni04 
measured  using  a  Faraday  balance  (q  )  and  a  SQUID  magnetometer  (♦) . 


FARADAY  BALANCE 
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Although  the  transitions  from  isotropic  to  anisotropic  behavior  are  still 
not  well-understood,  Buttrey  et  a/.6  explain  the  antiferromagnetic  ordering  in 
terms  of  the  monoclinic  structure  of  stoichiometric  La2Ni04.  In  this  structure 
the  nearest  neighbor  NiOg  octahedra  are  tilted  in  opposite  directions  away  from 
the  c-axis  in  the  (001)  plane.  This  tilling  of  octahedra  removes  the  inversion 
center  which  would  otherwise  be  present  between  nearest-neighbor  Ni  sites, 
thereby  allowing  spin  canting  as  a  result  of  the  Dzialoshinskii-Moriya 
antisymmetric  superexchange  interaction.35-36 

Even  in  oxygen-excess  L^NiC^+ff  *  >  0)  there  may  be  slight  tilting  of  the 
NiOg  octahedra  at  low  temperatures,  which  could  be  responsible  for  the  observed 
anomaly.  Singh  et  a/ 34  found  the  c/a  ratio  of  LaaNiO^*  (  f  >  0)  to  decrease  with 

decreasing  temperature  over  the  temperature  range  of  773  to  77  K.’  This  means 
that  as  La2Ni04+f  is  cooled  below  room  temperature  the  2  C1-3  -  O  -  La)  bond 

length  may  continue  to  elongate  until  the  tetragonal  structure  becomes  unstable,  with 
tilting  of  the  NiOg  octahedra  resulting.  Buttrey  et  al.e  see  an  anomaly  for 
La2Ni04.io  (20%  Ni3*)  at  155  K,  while  in  the  present  work  similar  behavior  is 
seen  at  110  K  for  La2N'04.i3  (26%  Ni3*).  This  implies  that  the  temperature  at 
which  the  anomaly  occurs  may  be  dependent  on  the  the  amount  of  Ni3*.  This  is 
reasonable  if,  in  fact,  the  anomaly  is  somehow  a  manifestation  of  a  distorted  lattice. 
As  already  noted,  Ni3*  helps  to  stabilize  the  tetragonal  structure.”  Therefore, 
the  tetragonal  structure  of  the  sample  with  the  higher  concentration  of  Ni3*  will  be 
more  stable  at  room  temperature,  and,  most  likely,  continue  to  be  stable  down  to 

*  Through  TGA  they  determined  that  the  oxygen  content  of  their  samples  remained 
constant  over  the  entire  range  of  temperatures  3Q0  -  800  K. 

**  Theoretically,  there  can  not  be  too  much  Ni3*  in  La2Ni04+*  because  t,  the  stability  * 
factor,  is  closest  to  unity  for  the  case  of  100%  Ni3*. 
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lower  temperatures  than  the  sample  containing  less  Ni3+.  Another  way  to  look  at  it 
is  the  sample  with  the  higher  Ni3+  content  will  have  a  higher  c/a  ratio  for  a  given 
temperature,  as  the  Ni3+,  d7  ion  induces  a  Jahn-Teller  distortion,  which  causes 
elongation  in  the  c  -direction  and  compression  in  the  a-b  plane.  So,  if  there  is  a 
minimum  c/a  ratio,  below  which  the  tetragonal  structure  is  no  longer  stable,  the 
sample  containing  less  Ni3+  should  reach  it  at  a  higher  temperature  than  the  sample 
containing  more  Ni3+.  If  the  Ni3+  concentration  is  sufficiently  high,  the  tetragonal 
structure  should  remain  stable  even  down  to  extremely  low  temperatures,  and  no 
anomaly  in  the  susceptibility  curve  should  be  observed. 

With  the  substitution  of  0.2  barium  into  the  system,  the  anomaly  disappears 
and  the  overall  susceptibility  drops  by  a  factor  of  approximately  one-third.  With 
further  increases  in  barium,  a  slight  decrease  in  susceptibility  is  noted  in  the 
temperature  range  6  to  50  K;  for  higher  temperatures  the  susceptibility  values  did 
not  differ  significantly  among  any  of  the  Ba- substituted  compounds.  The 
disappearance  of  the  anomaly  with  the  introduction  of  barium  into  the  system  can  be 
attributed  to  the  increased  amount  of  Ni3+  for  two  possible  reasons.  First,  the 
increased  amount  of  Ni3+  may  be  enough  to  maintain  the  stability  of  the  tetragonal 
structure  down  to  6  K.  Second,  the  increased  ferromagnetic  interactions  due  to  the 
higher  concentration  of  Ni3+  ions  might  suppress  the  magnetic  ordering  present  in 
the  La2N<04+«  sample,  and,  thus,  cause  the  disappearance  of  the  anomaly.6 

An  attempt  was  made  to  fit  the  data  of  Fig  3.10  to  a  Curie-Weiss  law.  (See 
Appendix  0.)  The  La2Ni04  sample  conforms  to  Curie-Weiss  behavior  above  the 
reported  anomaly  (in  the  temperature  range  180  to  300  K).  Below  the  said 
anomaly,  it  once  again  conforms  to  Curie-Weiss  behavior  (in  the  temperature  range 
6  to  70  K).  The  Ba-substituted  samples  were  fit  to  a  Curie-Weiss  law  for  the 
temperature  range  50  to  200  K.  The  calculated  Curie  constants,  Cm,  Weiss 
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Table  3.3  Magnetic  constants  derived  from  the  Curie-Weiss  law  for  the 
compositional  series  La2.*BaxNi04  (x  -  0.  0.2,  0.4  and  0.6): 


Compound 

Temp.  Range 
of  fit  (K) 

C 

(emu*K/mol) 

M®ff 

Oig/Ni  ion) 

6c 

(K) 

S 

La2Ni04  13 

6  -  70 

0.61 

2.21 

-338 

0.71 

La2Ni04+4(  *  >  0)34 

<  200 

0.42 

1.83 

-117 

0.54 

La2Ni04  13 

200  •  300 

1.66 

3.65 

•458 

1.39 

La2N'04+,  4  (  4  >  0)34 

200  -  300 

1.15 

3.03 

-500 

1.10 

La2Ni04*4(  4  >  0)3 

200  -  300 

1.84 

3.84 

-500 

1.48 

La1  sBsq  2Ni04 

50  -  200 

0.15 

1.08 

-347 

0.24 

Lal.6Bao.4N,04 

50  •  200 

0.17 

1.18 

-647 

0.27 

Lai  4Bao.gNi04 

50  -  200 

0.24 

1.39 

-740 

0.36 

Ueff  -  t4S(S+1)]° 
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constant,  0C,  effective  magnetic  moments.  Meff.  and  spins,  S,  for  these 
compositions  are  given  in  Table  3.3,  along  with  some  of  the  reported  values  for 
oxygen-excess  La2N'{D4+<  samples. 

The  high-temperature  fit  for  La2Ni04  13  yields  a  Jieff  of  3.65  lie/Ni  ion. 
which  is  higher  than  the  spin-only  value  of  2.83  J!b/n'  ion  for  an  S  -  1  system. 
Likewise,  the  low-temperature  fit  gives  a  Jlefl  of  2.21  ion,  which  is  higher 

than  the  spin-only  value  of  1.73  JiB^Ni  ion  for  an  S  *  1/2  system  and  less  than  that 

for  an  S  *  1  system.  The  magnetic  data  suggests  the  system  can  not  be  interpreted 
on  the  basis  of  spin-only  moments.  The  fact  that  the  Weiss  constant  for  La2Ni04  i3 

is  large  and  negative,  however,  is  consistent  with  the  existence  of  antiferromagnetic 
coupling  34  jn  addition,  based  on  Goodenough's34-^  model  of  conduction  in  La2N'04 

(which  will  be  addressed  in  more  detail  in  the  following  section),  the  observed 
jieff 's  obtained  from  a  conventional  Curie-Weiss  law  should  be  higher  than  the 
theoretical  value  of  Jieff .  with  the  magnetic  susceptibility  only  approaching  a 

localized-electron  Curie-Weiss  behavior  at  very  high  temperatures.  This  is  true 
for  all  of  the  La2^'04  Jieff  values  in  Table  3.3,  although  the  high-  and  low- 
temperature  Jieff 's  obtained  on  the  La2Ni04«.<(  f  >  0)  sample  of  Singh  et  a/.34  are 
only  slightly  greater  than  the  Jleff 's  corresponding  to  an  S  -  1  and  an  S  »  1/2 
system,  respectively. 

in  the  case  of  the  Ba-substituted  samples,  possibly  less  can  be  said  about  the 
data  because  of  the  limited  range  of  temperatures  over  which  the  Curie-Weiss  law 
could  be  fit.  There  is  a  sharp  drop  in  Cm  with  the  substitution  of  barium  into  the 
system,  after  which  Cm  did  not  change  significantly  with  increasing  barium.  The 
value  of  Cm  in  the  Ba-substituted  samples  corresponds  to  an  approximate  JJeff  of 
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1 .22  ±  0 . 1 6  JJ  b-  This  drop  in  JJe «  can  be  attributed  to  a  partial  delocalization  of 
electrons  caused  by  the  increased  concentration  of  Ni3"-  ions  in  La2.xBaxNi04. 

3.5  Electrical  Resistivity  Measurements 

The  room  temperature  electrical  resistivities  for  La2-xBaxNi04  (x  *  0, 
0.2,  0.4  and  0.6)  are  plotted  in  Fig.  3.12.  A  significant  drop  in  resistivity, 
from  0.14  to  0.05  A-cm,  is  seen  with  the  first  substitution  of  barium  into  the 
system,  and  there  is  a  gradual  decrease  in  resistivity  for  further  additions  of 
barium.  In  addition,  upon  cooling,  all  of  the  compounds  exhibited  an  increase  in 
resistivity  with  decreasing  temperature,  indicative  of  semiconducting  behavior. 

The  decrease  in  electrical  resistivity  with  the  initial  substitution  of 
barium  for  lanthanum  can  be  attributed  to  a  N^/NpTnixed  valence.  This 
decrease  is  consistent  with  the  drop  in  Jlaff  upon  barium  substitution,  which  can 

be  attributed  to  a  partial  delocalization  of  electrons  caused  by  an  increase  in 
concentration  of  Ni3+.  This  drop  in  both  the  resistivity  and  Ueff  is  better 

understood  by  looking  at  the  conduction  model  developed  for  La2N'04  by 
Goodenough  et  al.  S4-22  As  discussed  in  section  3.1 ,  for  La2Ni04  the  Ni  -  O  -  Ni 

bond  is  in  compression  due  to  the  pressure  put  on  it  by  the  alternating  rock-salt 
layer.  In  addition,  for  La2Ni04+ *(  <  >  0)  Ni3*,  d7  ions  are  present  and  induce  a 

Jahn-Teller  distortion  that  serves  to  put  even  greater  compression  on  the 
Ni  -  O  -  Ni  bond.  As  it  is  the  nickel  3d  bands  which  determine  the  transport  and 

magnetic  properties  of  this  model  proposes  that  the  strong  pressure 

on  the  Ni  -  O  -  Ni  bond  causes  intra-atomic  exchange  coupling  with  the  localized 
dz2  electrons  to  create  narrow  itinerant  cx2.y2  bands  in  the  a-b  plane  and  a 

# 

relative  stabilization  of  the  d2z  orbitals  along  the  c  -  axis.  This  causes  enhanced 
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Figure  3.12  Electrical  resistivity  as  a  function  of  barium  concentration  in 
La2-xBaxNi04  (x  =  0,  0.2,  0.4  and  0.6).  A  significant  decrease  in  resistivity  is 
seen  with  the  initial  substitution  of  barium  into  the  system  and  is  attributed  to 
the  Ni2+/Ni3+  mixed  valence  state. 
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conduction  in  the  a-b  plane,  which  accounts  for  the  low  resistivity  of 
La2Ni04+«  .*  The  above  model  applies  to  oxygen-excess  La2Ni04^.  4;  for 
stoichiometric  La2NiC>4,  the  model  predicts  that  the  electrons  remain  localized. 

This  is  because  for  stoichiometric  La2N*C)4  the  pressure  normally  put  on  the 
Ni  -  O  -  Ni  bond  by  the  rock-salt  layer  is  removed  by  the  tilting  of  the  NiOe 

octahedra;  and,  interestingly  enough,  reported  resistivities7  for  stoichiometric 
La2Ni04  are  three  orders  of  magnitude  higher  than  that  which  have  been  reported 
for  some  La2Ni04+4  samples.’* 

It  is  the  belief  of  the  author  that  the  additional  compression  put  onto  the 
Ni  -  O  -  Ni  bond  due  to  the  substitution  of  02  barium  for  lanthanum  in  La2NiO< 

enhances  the  intra-atomic  exchange  coupling,  increasing  the  number  of  itinerant 
electrons  in  the  trx2.y2  bands,  and.  thus,  causing  both  a  decrease  in  resistivity  and 
in  Ueff-  The  fact  that  neither  of  these  parameters  demonstrate  a  real  change  with 
further  additions  of  barium  indicates  that  a  critical  compression  of  the  Ni  -  O  -  Ni 
bond  is  achieved  with  a  barium  concentration  x  -  0.2  in  La2-xBaxNi04.  The 
additional  compression  put  on  the  Ni  -  0  -  Ni  bond  due  to  subsequent  substitutions  of 

barium  apparently  does  not  enhance  the  intra-atomic  exchange  coupling;  therefore, 
no  notable  change  takes  place  in  either  the  magnetic  or  transport  properties. 


Because  of  the  largely  two-dimensional  nature  of  the  system  La2.xBaxNi04,  the 
orientation-averaged  electrical  resistivity  of  a  polycrystalline  sample  is  essentially  a 
measure  of  the  resistivity  in  the  a-b  plane. 

**  Reported  resistivities  for  La2Ni04+4  show  the  resistivity  to  decrease  as 4 
increases.7 
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4.  Conclusions  and  directions  for  future  work 


In  summary,  a  compositional  series  La2.xBaxNi04  (0  i  xi  1.0)  has  been 
made  by  standard  ceramic  techniques,  employing  the  use  of  nitrate  precursors. 

After  a  low-temperature  "pre-fire"  to  burn  off  the  nitrates,  single  phase  materials 
were  achieved  in  two  to  three  heatings  at  1100°  C,  a  reaction  temperature  100°  C 
lower  than  what  is  typically  reported  for  La2Ni04.  All  of  the  members  of  the 
compositional  series  were  determined  to  possess  a  tetragonal  K2NiF4  structure.  In 
the  case  of  La2Ni04,  it  appears  the  presence  of  Ni3*  in  the  compound  helps  to 
stabilize  the  tetragonal  stucture,  with  its  actual  stoichiometry  being  La2Ni04  13. 

The  exact  stoichiometry  of  the  La1  4Ba0  0N1O4  sample  was  also  determined,  with  it, 
too,  having  a  slight  excess  of  Ni3+  (La1  4Ba0  gNi04  qs)-  Additional  TGA  should  be 

done  in  order  to  determine  the  exact  stoichiometries  of  all  of  the  compounds. 
Gopalakishnan  et  al.  saw  an  excess  of  of  oxygen  in  the  analogous  system  La2.xSrxNi04 

(  0  i  x  i  1.0)  up  to  x  ■  0.6;  for  greater  concentrations  of  strontium  the  compounds 
were  determined  to  be  stoichiometric.  It  is  possible  that  similar  behavior  will  be 
found  in  the  present  system  -  this  should  be  further  explored. 

The  cell  parameters  were  also  determined  for  all  of  the  compositions.  With 

increasing  concentration  of  barium,  c  initially  increases,  while  a  decreases,  with 

this  trend  reversing  in  the  compositional  range  0.5  i  x  £  0.6.  The  ratio  of  lattice 

parameters,  c/a,  reaches  a  maximum  at  x  -  0.6.  The  increase  in  c/a  is  attributed 

to  a  weak  Jahn-Teller  distortion  due  to  octahedral  site  low-spin  Ni3+  ions,  while  the 

other  results  can  generally  be  explained  by  taking  into  account  the  geometry  of  both 

the  perovskite  and  rock-salt  layers  and  the  changing  size  of  the  A-site  ion  due  to 

barium  substitution  and  the  B-site  ion  due  to  oxidation  of  Ni2+  to  Ni3+.  Preliminary 

experiments  also  suggest  the  existence  of  Ni4+  ions  in  the  higher  Ba-containing 

compounds,  which  could  also  explain  some  of  the  observed  changes  in  lattice 

45 


parameters.  Additional  experiments  are  being  done  to  more  completely  determine 
the  presence  of  Ni44  in  these  compounds. 

Magnetic  and  electrical  measurements  were  made  on  the  samples 
La2.xBaxNi04  (x  =  0,  0.2,  0.4  and  0.6).  The  stoichiometry  of  La2N'C>4.i3  was 

shown  to  be  a  critical  factor  affecting  both  its  magnetic  and  electrical  properties. 

The  anomaly  seen  in  the  magnetic  susceptibility  of  La2Ni04.i3  was  attributed  to  a 
possible  distortion  of  the  NiC>6  octahedra  at  low  temperature.  Previously,  this 
behavior  has  gone  unexplained,  so  it  would  be  interesting  to  pursue  this  idea  further. 
This  could  possibly  be  done  by  heating  samples  of  L^NiCXu*  under  varying  oxygen 
partial  pressures  to  achieve  varying  * 's,  with  emphasis  on  making  a  sample  with  * 
very  large.  If  the  theory  proposed  is  correct,  the  temperature  at  which  the  anomaly 
occurs  in  the  magnetic  susceptibility  curve  should  decrease  as  *  increases  and  for* 
very  large  it  should  completely  disappear.  Significant  decreases  in  both  the  magnetic 
susceptibility  and  the  room  temperature  resistivity  were  seen  with  the  substitution 
of  0.2  barium  for  lanthanum  in  La2Ni04*4,  while  additional  substituions  of  barium 
did  not  notably  alter  either  of  these  properties.  The  magnetic  susceptibility  data 
was  fit  to  the  Curie- Weiss  (aw,  and  the  change  seen  in  with  increasing  barium 

concentration  was  correlated  to  the  change  seen  in  resistivity  with  increasing 
barium  concentration.  The  observed  magnetic  and  electrical  data  was  found  to  be 
consistent  with  the  conduction  model  for  La2Ni04  developed  by  Goodenough  e(  a(. 34.22 
There  is  much  work  which  could  still  be  done  in  the  area  of  magnetic  and  electrical 
studies.  It  would  be  of  interest  to  measure  the  electrical  and  magnetic  properties  for 
La2.xBaxNi04  in  the  range  0.6  <  x  i  1.0  and  to  correlate  these  properties  with  the 

cell  parameters  reported  for  those  compositions  in  this  work.  Also  of  interest  would 
be  to  study  the  temperature  dependence  of  electrical  resistivity  in  all  of  the 
compositions  La2-xBaxNi04  (0  i  x  i  1.0). 
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In  respect,  to  high  Tc  superconductivity,  it  would  also  be  interesting  to 
stabilize  Ni+  in  La2Ni04  by  4+  cation  or  1-  anion  substitution.*  The  aim  being  to 
create  a  system  analogous  to  the  high  Tc  superconductor,  Lai.ssSro.isCuCU,  with 
both  possessing  the  tetragonal  K2NiF4  structure  and  a  d8,  d9  electronic 

configuration.  Attempts  have  already  been  made  to  substitute  cerium  for  lanthanum 
in  La2Ni04,  but  single  phase  materials  were  not  obtained.  As  monovalent  nickel  has 

scarcely  been  observed  in  mineral  compounds,  it  is  likely  that  this  will  be  a  difficult 
task.  Recently,  however,  a  pure  monovalent  nickel  phase,  LaNi02,  has  been 

reported,38  which  gives  hope  for  eventual  success  in  this  effort. 

Additional  studies  which  are  continuing  on  these  materials  have  been  spurred 
by  reports  of  the  unique  absorption  characteristics  of  La2-xSrxCu04.  A  giant 
absorption  of  power  from  an  rf  field  of  -1  GHz  has  been  reported  for  both  the 
semiconducting  and  metallic  members  of  La2-xSrxCu04.  Absorptions  of  this 
magnitude  are  usually  associated  with  metals,  whose  reflective  properties  often 
make  it  difficult  to  take  advantage  of  their  unique  absorption  characteristics. 
Therefore,  the  discovery  of  a  semiconductor  (La2Cu04)  which  possesses  this  quality 
is  of  great  interest.  All  of  the  compositions  La2-xBaxNi04  (Of  xi  1.0)  have 
demonstrated  semiconducting  behavior.  If  this  present  series  of  compositions 
possesses  similar  power  absorption  characteristics  to  the  series  La2-xSrxCu04,  it 
could  prove  to  be  very  exciting;  it  would  then  be  of  interest  to  study  the  effect  of 
structural,  electronic  and  magnetic  properties  on  rf  power  absorption  for  the 
system  La2-xBaxNi04. 


*  Initially,  this  was  attempted  by  oxygen  reduction  of  La2Ni04;  but  this  is  no  longer 
believed  to  be  the  method  to  use,  as  this  would  be  expected  to  monoclinically  distort 
the  lattice  and  the  system  La2.xMxCu04  (M  «  Sr  or  Ba)  is  only  superconducting  when 
it  possesses  tetragonal  symmetry. 
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Appendix  A 

A.  Van  der  Pauw  Method  of  Measuring  Resistivity 


L.  J.  van  der  Pauw  has  described  a  method  of  measuring  resistivity  of  a 
lamella  of  arbitrary  shape  39,40  The  procedure  was  to  select  a  flat  lamella, 
completely  free  of  holes,  and  provide  it  with  four  small  contacts,  M,  N,  O  and  P 
placed  arbitrarily  along  the  periphery.  (Fig.  A.1)  A  current  i^N  was  applied  to 
contact  M  and  taken  off  at  contact  N.  The  potential  difference  Vp  -  Vo  was  measured 
and  Rmn.OP  was  obtained. 


rmn,op  = 


(A-1) 


and,  similarly. 


R 


_vM-  vP 

NO, PM - ; - 

*N0 


(A-2> 


The  method  of  measurement  is  based  on  the  theorem  that  between  Rmn,PM  and 
Rno.PM  there  exists  the  simple  relation: 


exp  ( Rmn,op)  +  exP  (~~T~  rno,pm) 


(A-3) 


where  d  is  the  thickness  of  the  lamella  and  p  is  the  resistivity  of  the  material.  If  d 
and  the  "resistances"  Rmn.OP  and  Rno.PM  are  known,  then  (A  -  3)  yields  an  equation 
in  which  p  is  the  only  unknown  quantity.  The  situation  is  particularly 
straightforward  in  the  special  case  where  the  sample  possesses  a  line  of  symmetry. 
In  that  case,  M  and  O  are  placed  on  the  line  of  symmetry,  while  N  and  P  are  disposed 
symmetrically  with  respect  to  the  line.  (Fig.  A.2) 
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Then: 


Rno.op  =  Rmn.op. 


(A-4) 


and  from  (A  -  3)  it  can  easily  be  seen  that 


P  - 


TT  d 

1n2 


(  rmn,op  ). 


( A  -  5  ) 


Thus,  in  this  case  a  single  measurement  suffices. 

In  the  general  case  if  is  not  possible  to  express  p  explicitly  in  known 
functions.  The  solution  can,  however,  be  written  in  the  form: 

^  /  Rmn.op  +  rno,pm 

P  *  T^2\  2 


Jf,  (A-6) 


where  f  is  a  factor  which  is  a  function  only  of  the  ratio  Rmn,OP/rno,PM  as  Plonec* in 
Fig.  A.3.  Therefore,  f  is  determined  by  calculating  Rmn,OP/rno,PM  and  then  reading 
the  corresponding  value  from  Fig.  A. 3.,  and  p  is  then  calculated  from  (A-6). 
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Figure  A.3  Graphical  representation  of  van  der  Pauw's  f  factor 
from: 
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Figure  B.l.  X-ray  diffraction  pattern  for  La2Ni04. 
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X-ray  diffraction  pattern  for  Lai.7Bao.3Ni04. 
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Figure 


Appendix  B  (corn.) 


X-ray  diffraction  pattern  lor  Lat .aBao.zNIO*. 
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‘ Figure  B.9.  X-ray  diffraction  pattern  for  Lat.2Bao.sNi04. 
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Figure  B.10.  X-ray  diffraction  pattern  for  Lat.iBac.9NiC>4. 
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Figure  B.11.  X-ray  diffraction  pattern  for  LaBaNi04. 
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Table  C.1  Cell  Refinement  Data  for  La2NiC>4: 
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Appendix  C  (cont.) 


Table  C.2  Cell  Refinement  Data  for  Lai.gBao.iNiO^ 
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Appendix  C  (cont.) 


Table  C.3  Cell  Refinement  Data  for  Lai.8Bao.2N'04' 
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Table  C.4  Cell  Refinement  Data  for  Lai  ,7Bao.3NiC>4: 


■ 

■ 

hkl 

dOBS 

d  CALC 

mm 

6.411 

6.406 

Ei 

101 

12.068 

12.065 

-0.003 

3.684 

3.685 

H | 

004 

13.918 

13.914 

-0.004 

3.202 

3.203 

Bfi 

103 

15.64 

15.631 

-0.009 

2.857 

2.859 

mm 

110 

16.46 

16.445 

-0.015 

2.718 

2.721 

m 

■ 

112 

17.915 

17.913 

-0.002 

2.504 

2.504 

m 

■ 

105 

21.16 

21.17 

0.01 

2.114 

2.133 

E3 

B 

114 

21.804 

0.001 

2.074 

2.074 

m 

i 

200 

23.608 

23.601 

-0.007 

1.923 

1.924 

IQ 

■ 

211 

26.85 

26.849 

-0.001 

1.705 

1.705 

m 

■ 

116 

27.285 

27.292 

0.007 

1.68 

1.68 

n 

B 

107 

27.773 

1.653 

1.653 

IQ 

5 

204 

28.84 

27.841 

0.001 

1.649 

1.649 

m 

■ 

008 

28.76 

28.746 

t 

O 

o 

—4 

A 

1.601 

1.602 

IQ 

■ 

206 

32.615 

32.607 

-0.008 

1.429 

1.429 

m 

m 

118 

33.911 

33.922 

0.012 

1.381 

1.38 

m 

■ 

220 

mmm 

0.009 

1.361 

-  1.-36 

■ 

■ 

66 


Appendix  C  (cont.) 


Table  C.5  Cell  Refinement  Data  for  Lai.6Bao.4Ni04: 


Appendix  C  (cont.) 


Table  C.6  Cell  Refinement  Data  for  Lai.sBao.sNiO^ 
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Appendix  C  (cont.) 


Table  C.7  Cell  Refinement  Data  for  La14Bao  6N'04' 
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Table  C.8  Cell  Refinement  Data  for  Lai.3Bao.7Ni04: 
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Appendix  C  (cont.) 


Table  C.9  Cell  Refinement  Data  for  Lai.2Bao.8NiC>4: 
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Appendix  C  (cont.) 


Table  C.10  Cell  Refinement  Data  for  La-i.iBao.gNiCV 


Appendix  C  (cont.) 


Table  C.ll  Cell  Refinement  Data  for  LaBaNiC^: 
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Appendix  D 
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b)  La,  gBa  2Ni04 
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4)  U,^B..6Mi04 


Figure  D.1  Curie-Weiss  law  plots  for  a)  La2NiC>4  in  the  temperature  ranges 
6  to  70  K  and  180  to  300  K  and  b)  Lai  ,8Bao.2Ni04.  c)  Lai,6Bao.4Ni04  and 
d)  Lai  .4Bao  sNi04  in  the  temperature  range  50  to  200  K. 
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